Beauveria is an insect-associated fungal genus and it represents a monophyletic lineage within the Cordycipitaceae (Hypocreales, Sordariomycetes). Beauveria species are economically important as mycoinsecticides and a good source of secondary metabolites. In this study, we employed the genealogical concordance phylogenetic species recognition criterion to resolve the evolutionary relationships of 125 Beauveria and Beauveria-like isolates from India. In ITS-based phylogenetic analysis, 111 fungal isolates clustered within Beauveria clade (Cordycipitaceae), while 14 Beauveria-like isolates showed phylogenetic affinities with Isaria (Cordycipitaceae) and Tolypocladium (Clavicipitaceae) clades. In a multi-gene phylogenetic analysis involving the partial Bloc, EF1α, RPB1 and RPB2 gene sequence-data, a novel Beauveria lineage was recovered that has been described here as Beauveria rudraprayagi sp. nov. This is the first study from India on the molecular taxonomy of Beauveria using GCPSR criterion.
Introduction
Beauveria (Balsamo-Crivelli) Vuill. (Cordycipitaceae, Hypocreales) includes ecologically and economically important insect-pathogenic fungal species (Posada & Vega 2005 , Ownley et al. 2008 , Roy et al. 2010 . Beauveria species have been extensively studied for their role as mycoinsecticide (e.g., Thomas & Read 2007) and as sources of secondary metabolites such as bassianolide, beauvericin, non-ribosomal peptides, polyketides, terpenoids etc. (Xu et al. 2007 , Ames & Walsh 2010 , Molnar et al. 2010 . The taxonomy of the genus, however, is in transition. In recent years, identification techniques and delimitation of Beauveria species have seen major improvements because of incorporation of multigene sequence-data and sophisticated phylogenetic analysis tools (Rehner et al. 2011 ).
Fig. 1 -Site locations and associated hosts of Beauveria isolates under study from India
Deviating from traditional morphotaxonomic approach, Rehner and group (Rehner et al. 2011 ) have adopted multigene phylogenetic approach to revise the taxonomy of the genus andrecognized 6 new species (B. asiatica, B. australis, B. kipukae, B. pseudobassiana, B. sungii and B. varroae) within monophyletic Beauveria. Following this approach, Beauveria lii sp. nov. have recently been described from China (Zhang et al. 2012) . There have been, however, few studies from India on molecular taxonomy of this genus. This study, therefore, revisited the taxonomy of Beauveria and aimed to resolve the phylogenetic relationships of 125 Beauveria and Beauveria-like isolates of Indian origin based on the Genealogical Concordance Phylogenetic Species Recognition (GCPSR) criterion (Taylor et al. 2000) .
Materials & methods

Fungal isolates and DNA isolation
A collection of 127 Beauveria isolates, including 125 isolates of Indian origin (Table 1) was included in this study. The site locations of these isolates have been mapped in Fig. 1 . Isolates were grown on suitable growth media as mentioned in Table 1 , and incubated at 25°C for 5-8 days. The glycerol stocks were prepared from fresh mycelia or harvested conidia in 10% glycerol and stored at -70°C. The genomic DNA was extracted from fresh mycelia using ZR Fungal/ Bacterial DNA isolation kit (Zymo Research, Irvine, USA, Catalogue number D6005) following manufacturer's protocol. The concentration and quality of DNA extracted was assessed by 0.8% agarose gel electrophoresis and Nanodrop Spectrophotometer ND-1000 (Thermo Scientific, Wilmington, USA). 
PCR amplification and sequencing of the ITS region from 127 Beauveria isolates
To start with, the 5.8 S ribosomal RNA and the flanking internal transcribed spacer gene region (ITS) was amplified from 127 Beauveria isolates using polymerase chain reaction (PCR). PCR was done in a 50 µl reaction volume. Each reaction tube contained 100 ng of total genomic DNA, 1x Taq Buffer (NEB, Ipswich, MA), 0.5 µM each of forward primer ITS5 and reverse primer ITS4 (White et al. 1990 ), 1.5 mM MgCl 2 , 0.2 mM each dNTPs, 1.5 units Taq Polymerase (NEB, Ipswich, MA) and remaining sterile water. The PCR reactions were carried out in Eppendorf Mastercycler with cycling parameters as previously described (Rehner & Buckley 2005) . The PCR products were sequenced using respective primers with ABI Big dye v3.1 terminator ready reaction cycle sequencing kit (Applied Biosystems, Carlsbad, California) using manufacturer's protocol. The samples were purified to remove excess salt, denatured with HiDi-Formamide at 95˚C for 3 minutes and analyzed using 3730 DNA Analyzer (Applied Biosystems, Carlsbad, California) at the central DNA sequencing facility at the Institute of Microbial Technology, Chandigarh, India.
ITS-based phylogenetic analysis
Sequences obtained from the respective primers (ITS5 and ITS4) were aligned and consensus sequences were generated using Sequencher 4.10.1 (Gene codes Corp., Ann Arbor, MI, USA) and were deposited in NCBI-GenBank (Table 1) . Sequences were assembled and aligned using the web-interface of MAFFT (Katoh et al. 2005) Molecular phylogenetic reconstruction was performed using MEGA/ PAUP version 4.0 (Swofford 2003) . Ambiguously aligned regions were excluded from the analysis. The evolutionary distances were computed using the Maximum Composite Likelihood method (Tamura & Nei 1993) . Gaps were treated as missing data. Trees were inferred using the heuristic search option with 1000 random sequence additions. Max trees were unlimited, branches of zero length were collapsed and all multiple parsimonious trees were saved. Descriptive tree statistics such as tree length (TL), consistency index (CI), retention index (RI), related consistency index (RC), homoplasy index (HI) and log likelihood (-lnL) were calculated for the trees generated. Clade stability was assessed in bootstrap analysis with 1000 replicates each with 10 replicates of random step-wise addition of taxa. Kishino-Hasegawa (KH) tests (Kishino & Hasegawa 1989) were performed in order to determine whether trees were significantly different. Trees were figured in TreeView (Page 1996) and FigTree version 1.4.0 (http://tree.bio.ed.ac.uk/).
Multi-gene sequence analysis
On the basis of the phylogenetic tree retrieved from the ITS-based analysis (Fig. 2) , sixteen Beauveria isolates were selected for multi-gene phylogenetic analysis (Table 2 ). PCR amplification of selected genes (nuclear transgenic factor Bloc, the translation elongation factor 1α (EF-1α) and partial sequences of largest subunits of ribosomal polymerase gene RPB1, RPB2) was done using primer-set and PCR conditions as already described (Rehner et al. 2011) .
For each of the sixteen isolates, the consensus sequences for Bloc, EF-1α, RPB1, and RPB2 were generated using Sequencher. A multi-gene dataset was prepared using the sequences from this study and selected sequences from the dataset of Rehner et al. 2011 and B.lii (Zhang et al. 2012) using MEGA and Sequence Matrix 1.7.8 (Vaidya et al. 2011) . The combined dataset comprised of 85 Beauveria isolates and Cordyceps militaris as outgroup. Maximum parsimony analysis using the multi-gene dataset was performed in PAUP using search parameters as described in the ITS-based analysis. Maximum likelihood analysis was performed using RAxML (Stamatakis et al. 2008) . All the datasets have been submitted to TreeBASE (www.treebase.org) and the sequences have been deposited in NCBI-GenBank with accession number detailed in Table 2 . 
Morphological study
Colony morphology was recorded for the recovered novel species from this study (B. rudraprayagi sp. nov. MTCC 8017). The isolate was grown on Sabouraud's dextrose agar (SDA) and potato dextrose agar (PDA) at 25°C for 7 days. Microscopic measurements of conidiogenous cells and conidia were taken from slide cultures at 7-10 days. Images were captured with Olympus XC10 digital camera attached with Olympus BX51 microscope, and analyzed using CellB image analysis software (Olympus, Tokyo, Japan).
Results
ITS phylogeny
The ITS sequence dataset included 170 sequences, including 127 newly generated from this study. Cordyceps militaris ARSEF 5050 was the designated outgroup. The ITS dataset comprised 583 characters. In un-weighted parsimony (UP) analysis, when gaps were treated as missing data, there were 381 constant, 71 parsimony-uninformative and 131 parsimony-informative characters. This analysis resulted in 10000 trees. Based on KH test, the resultant UP trees was not significantly different (details not shown). One of the 10000 UP trees with the sum of branch length 0.74823850 is shown in Fig. 2 . Bootstrap values equal to or more than 50% (for 1000 replicates) are shown next to the branches.
The 127 Beauveria isolates clustered in 5 distinct clades (Fig. 2) . Clade-I included the extype strain of B. bassiana ARSEF 1564, 102 non ex-type strains of B. bassiana from India, 8 Beauveria isolates with undesignated species name (MTCC 4526, MTCC 4583, MTCC 4584, MTCC 4585, MTCC 4587, MTCC 4589, MTCC 4597, MTCC 4606) (MTCC 4502, MTCC 4527, MTCC 4591, MTCC 4593, MTCC 4594, MTCC 4595, MTCC 4596) 
Multigene phylogeny
From the above ITS analysis, a subset of sixteen isolates was selected for multigene phylogeny. The concatenated dataset included 5933 positions, out of which 249 ambiguouslyaligned characters were excluded from the analysis. In un-weighted parsimony analysis of the remaining 5684 characters, there were 4204 constant, 601 parsimony-uninformative and 879 parsimony-informative characters. The gaps were treated as missing data. This analysis resulted in 1764 trees. One of the 1764 UP trees with Cordyceps militaris as outgroup is shown in Fig. 3 . Bootstrap values (equal to or above 60%) based on 1000 replicates are shown on the upper side of branches. Both MP and ML analysis generated similar tree topology and comparable bootstrap values (Fig. 3) . B. rudraprayagi type strain was found to have 92%, 99%, 96%, 98%, and 99% sequence identities with the Bloc, EF-1α , ITS, RPB1, and RBP2 gene regions, respectively of the type strain of B. bassiana sensu stricto ARSEF 1564. Architecture of conidia and conidiogenous cell (a-h) and plate morphology (i, front; j, reverse; on PDA, 25°C, 7 days). (a: hypha and conidia; b, f: septate hypha and denticulate rachis; c-e, g: solitary, sub-spherical to ampulliform conidiogenous cells; h: globose conidia) 734 Colony diameter reaches 26-30 mm after 10 days inoculation at 25°C on PDA and SDA. Colony cottony and white to light yellow, becoming farinaceous during sporulation. Reverse pale yellow with white margin. Vegetative hyphae septate, branched, hyaline, smooth walled, 1-2 µm wide. Conidiogenous cells solitary but usually in dense clusters of four or more, base sub-spherical to ampulliform and 3.5-6 µm wide, apex with an indeterminate denticulate rachis, produced laterally on aerial hyphae or from subtending cells mostly. Conidia globose, subglobose with 2.5-4.0 × 2.5-4.0 µm size, smooth walled, scattered or gregarious in clusters, sessile on aerial hyphae. Teleomorph not observed in culture.
Discussion
Fungal taxonomy has been transformed with the use of DNA-based approach in species delimitation (Shenoy et al. 2007 ). Though the ITS region, which is the universal barcode for Fungi, is widely used in taxonomic analysis (Seifert 2009 , Schoch et al. 2012 , application of multiple gene-regions in phylogenetic analysis has enhanced the taxonomic resolution at inter-species or inter-genus level (Meyling 2008) . Thus, the GCPSR criterion (Taylor et al. 2000) has been applied to detect the cryptic species within a species complex, thereby overcoming the challenges posed by morphotaxonomic characters traditionally used in fungal taxonomy (Bickford et al. 2006 , Samuels et al. 2010 , Cai et al. 2011 , Marshall & Berbee 2013 .
The ITS-based phylogeny excluded 14 Beauveria-like fungi from the Beauveria clade and grouped them within Tolypocladium (Hypocreales, Sordariomycetes, Clavicipitaceae) and Isaria (Hypocreales, Sordariomycetes, Cordycipitaceae) clades (Fig. 2) . This highlights the limitations of phylogenetically-informative morphotaxonomic characters. The taxonomy of these fungi is dealt in a separate manuscript. The ITS region precisely placed MTCC 6294, MTCC 4526, MTCC 4583, MTCC 4584, MTCC 4585, MTCC 4587, MTCC 4589, MTCC 4597 and MTCC 4606 as B. bassiana sensu stricto and MTCC 9968 as B. varroae, it could not resolve MTCC 8017 as a novel clade, incorrectly grouping it with B. pseudobassiana clade (Fig. 2) .
The multi-gene phylogenetic analysis was successful in recovering a novel lineage that has been described as Beauveria rudraprayagi sp. nov (Fig. 3) . The currently accepted species names under Beauveria include B. amorpha, B. asiatica, B. australis, B. bassiana, B. brongniartii, B. caledonica, B. kipukae, B. lii, B. malawiensis, B. pseudobassiana, B. sungii, B. varroae and B. vermiconia (Rehner et al. 2011, Zhang et al. 2012) . Interestingly, there is a morphological overlap between B. rudraprayagi sp. nov. and B. bassiana, that hints at the efficiency of GCPSR approach in resolving Beauveria species complex from India. Likewise earlier descriptions of B. vermicola, B. kipukae (Rehner et al. 2011) and B. lii (Zhang et al. 2012) , the novel species is described by means of single isolate, in the absence of multiple isolates.
This study highlights the power of phylogenetic analysis tools in efficient taxonomic resolution of Beauveria species from India. Further studies with enhanced sample size are required to reveal the extent of cryptic diversity for the genus Beauveria from India.
